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Abstract. Two laboratory emission spectrometers have been designed and described previously.
Here, we present a follow-up study with special focus on absolute intensity calibration of the
new SURFER-spectrometer (SUbmillimeter Receiver For Emission spectroscopy of Rotational
transitions), operational between 300 and 400 GHz and mostly coincident with ALMA (Atacama
Large Millimeter/submillimeter Array) Band 7.
Furthermore, we present a feasibility study to extend the detection frequencies up to 2 THz.
First results have been obtained using the SOFIA (Stratospheric Observatory for IR Astronomy)
upGREAT laboratory setup at the University of Cologne. Pure rotational spectra of the complex
molecule vinyl cyanide have been obtained and are used to give an estimate on the sensitivity
to record ro-vibrational transitions of molecules with astrophysical importance at 2 THz.
Keywords. methods: laboratory, techniques: spectroscopy, molecular processes, absolute inten-
sities
1. Introduction
We designed two new laboratory spectrometers with the goal to use the benefits of
receiver technology for radio astronomy in a laboratory environment. One experiment in-
cludes a room-temperature heterodyne receiver which employs state-of-the-art low-noise
amplifiers operational between 70 and 110 GHz. The second receiver uses a cryogeni-
cally cooled SIS mixer (superconducting-insulating-superconducting). Both spectrome-
ters have been described elsewehere (Wehres et al. (2018a), Wehres et al. (2018b)). For
similar efforts at lower frequencies see also the publication by Tanarro et al.(2018).
Here, we present a recent study with special focus on absolute intensities that can be
obtained using the SURFER spectrometer. This study is used to get an estimate on the
expected intensities of complex molecules at higher frequencies. Preliminary studies using
the SOFIA upGREAT laboratory setup show, that its feasible to extend the frequency
coverage up to the THz regime where low-lying vibrational bands of complex molecules
can be studied. Here, we give a short outlook on the possibility to study the fingerprint-
like ro-vibrational bands of complex molecules around 2 THz.
2. Experiments
2.1. Emission spectroscopy with SURFER at 350 GHz
SURFER is operational between 300 and 400 GHz and has been described elsewhere
(Wehres et al. (2018b)). In short: the radio frequency (RF) signal from the molecule of
interest (here: methyl cyanide CH3CN) is combined with a fixed frequency RF signal of
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a local oscillator (LO) in the SIS mixer. The intermediate frequency (IF: 5.1–7.6 GHz)
is amplified, mixed down to DC–2.5 GHz, and processed using a Fast Fourier Trans-
form digitizer as the backend spectrometer. This technology is commonly used at radio
telescopes and their high sensitivity and bandwidth are also interesting in a laboratory
environment.
Here, the pressure in the gascell is kept stable at 1×10−2 mbar. Integration times of
100 s are used, resulting in an absolute noise equivalent temperature of 0.1 K. Overall,
for each intensity calibrated spectrum we record three acquisitions: First, the molecular
emission in front of a cold background. Second, the molecular emission in front of a
hot background. Third, the empty gascell using a cold background. Microwave absorber
foam is used as a calibrated blackbody, once at liquid nitrogen temperatures and once at
room-temperature. Two spectra, at 300 K and at 340 K, are presented in Fig. 1 covering
one spectral setting of 2.5 GHz.
2.2. Emission spectroscopy with the SOFIA upGREAT lab setup at 2 THz
The SOFIA upGREAT lab setup in Cologne has been used to demonstrate the feasibil-
ity of heterodyne detection at higher frequencies, i.e. at 2 THz. The setup consists of
a synthesizer and VDI-amplifier-multiplier chain S209 which upconverts the frequency
output to around 2 THz. This LO signal is then combined with the molecular emission
signal in the (4 K) cooled HEB (hot electron bolometer) mixer. The IF, here 0.5–5 GHz,
is further amplified and processed using a digital Fast Fourier Transform spectrometer.
Overall the HEB-mixer is a replicate of the SOFIA upGREAT receiver with very simi-
lar specifications (Risacher et al.(2016), Pu¨tz et al. (2015)). The molecule (vinyl cyanide
C2H3CN) is injected in a stainless steel gascell of roughly 30 cm length and 5 cm in
diameter. Pressures in the gascell are kept at 1 ×1−1mbar. A total integration time of
5 minutes is used to acquire the spectrum shown in Fig. 2.
3. Results: Intensity Accuracy
3.1. Methyl cyanide using SURFER
The rotational emission spectrum of methyl cyanide is shown in Fig. 1. On the left hand-
side the spectrum at room-temperature is shown; on the right handside at elevated tem-
Figure 1. SURFER Emission spectrum of methyl cyanide at 300 and 340 K shown in black.
In red, a simulated and inverted spectrum using Pgopher is shown. The intensities are well
reproduced for the vibrational ground state, ν=0 and the first vibrationally excited state ν8=1.
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perature, obtained by heating the gascell to 340 K. Overall, at 331 GHz and 332 GHz the
pure rotational transitions of the vibrational ground state and first vibrationally excited
state (ν8=1) are identified. While the black spectrum shows the experimental spectrum,
the data plotted in red show a simulation obtained with Phopher (Western(2017)) using
temperatures of 300 and 340 K, respectively. The molecular parameters were adopted
from the Cologne database for molecular spectroscopy (Mu¨ller et al.(2005)). The inten-
sities in the simulation are normalized to the intensities in the emission experiment.
The rotational transitions from the ground state at 300 K and at 340 K have then
been used to determine the rotational temperature of methyl cyanide. Fig. 3 shows a
Boltzmann fit for the room-temperature spectrum and for the spectrum at elevated
temperatures. Overall, the deviation of the rotational temperature at room-temperature
is about 2%. The deviation of the signal intensities at elevated temperatures is accurate
to about 1%. This demonstrates that the emission signals of molecules are calibrated with
high accuracy and therefore, emission spectra can be used to determine the temperature
of a gas or to identify transitions where experimental intensities differ from theoretical
predictions indicating well known phenomena such as so-called intensity borrowing.
3.2. Vinyl cyanide using the SOFIA upGREAT lab setup
Part of the rotational spectrum of vinyl cyanide (C2H3CN) is presented in Fig. 2. The
main purpose of this proof-of-concept study is to obtain an estimate on the expected
integration time for low-lying vibrational bands of complex molecules around 2 THz, i.e.
the detection band of the SOFIA upGREAT receiver. Thus, we calculated vibrational fre-
quencies and intensities using Gaussian09 (Frisch et al.(2009)) for some cyclic molecules
and specific PAHs with low-lying vibrational bands around 2 THz.
Cyclobutanone (C4H60) shows a vibrational band (ν2←3) at 65 cm
−1 (1.95 THz)
(Borgers, & Strauss(1966)). Calculated IR intensities on a B3LYP/aug-cc-pVDZ level
are on the order of 13.4 km/mole. This can be converted into a dipole moment of
0.28 Debye (Bernath, P.F. (2005)), giving emission intensities of around 1 × 10−7 pho-
tons molecule−1 s−1 MHz−1. This is very comparable to the emission spectrum of vinyl
cyanide and its predicted intensities (µb=0.9 Debye) shown in Fig. 2. Here, a factor of
three less in intensity results in 9 times longer integration times, i.e. 45 minutes for a
spectrum of cyclobutanone.
Circumpyrene (C42H16) shows a vibrational band at 74 cm
−1 (2.2 THz) and calculated
IR intensities are on the order of 2.8 km/mole (Malloci et al.(2007)) or 0.13 Debye,
resulting in integration times of 200 minutes.
Figure 2. Spectrum of vinyl cyanide obtained around 2 THz with the SOFIA upGREAT
lab setup using 300 s integration time. The predictions include parameters obtained from
Kisiel et al.(2012).
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4. Conclusions and Outlook
The far IR regime is characterized by the fingerprint-like ro-vibrational transitions
of large molecules, such as PAHs. Since chemically related compounds, such as other
PAHs, have very similar spectral signatures, these molecules cannot be discriminated
in low resolution IR studies. Moreover, the high symmetry of most PAHs prohibits a
pure rotational spectrum and therefore prevents targeting these molecules with radio
telescopes. However, low-lying vibrational bands can fall into the THz region where the
rotational structure of the vibrational bands can be resolved leading to the typical P , Q
and R structure. The rotationally resolved sub-structure of these bands can be used to
unambiguously identify specific PAHs in astronomical observations.
Overall, our preliminary study on absolute intensity calibration and thus on the ex-
pected intensities for low-lying ro-vibrational transitions of PAHs are a promising way
to test the PAH hypothesis and to potentially identify PAHs using the ro-vibrational
fingerprint in the far IR regime.
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Figure 3. Boltzmann diagram: The emission spectra of the ground vibrational state of methyl
cyanide at 300 K and at 340 K have been used to determine rotational temperatures. The
discrepancy between the laboratory temperature and the calculated temperature is about 2% .
